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1. Introduction

The last ten or fifteen years have shown remarkable progress in measuring,
modeling, and understanding the El Nino/Southern Oscillation (ENSO)
phenomenon, its teleconnections to other parts of the world, and its predictability.
But ENSO itself has variations on time scales much longer than its intrinsic
interannual time scale (two to seven years) and in addition is not the only mode of
climate variability that affects the rest of the world. For example, Fig. 1 shows that
only three global patterns can explain large amounts of variance of the monthly
surface temperature over the United States. Clearly knowing or predicting the state
of ENSO, the Pacific Decadal Oscillation (LP in Fig. 1---PDO in the sequel) and the
Arctic Oscillation (AO, or in its more familiar guise, the North Atlantic Oscillation,
NAO) gives important information about U.S. Climate.

ENSO (HP)

Fig. 1. The 36-yr (1958-93)
correlation between time
series of JEM observed and
JFM reconstructed U.S.
surface air temperature. The
reconstructed time series are
obtained by regressing the
observed surface air
temperature onto (a) the HP
index, (b) the HP and LP
indices, and (c) the HP, LP,
and AO indices. The critical
value of the correlation
coefficient (significant at the
95% level) is 0.32. From
Higgins et al., 2000.
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As we can see from Fig. 1, the west coast of the United States is, not
surprisingly, influenced mostly by the ENSO and PDO. A similar picture applies to
precipitation, where the effects of both the PDO and ENSO are vividly portrayed in
composites of streamflow at the terminus of the great Columbia River of the Pacific
Northwest of the United States (Figure 2).
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Fig. 2. The monthly flow at the outflow of the Columbia River at The Dalles,

Washington, composited by phases of ENSO and PDO and both together From
Hamlet and Lettenmaier, 1999.

There are clearly effects of ENSO and PDO separately—when in the warm
phase of ENSO or PDO, streamflow tends to be low. When the PDO and ENSO are
together in phase (we will see what this means in Section 3), the effects of each are
greatly magnified and very low flow conditions obtain for the warm phase of ENSO
during a warm phase of the PDO. Clearly the PDO matters for the Pacific
Northwest in the same way that the NAO matters for Europe.

There are also indications that Pacific variability is important on the global
scale. The well known globally averaged surface temperature shows clear decadal



and interdecadal variability with the major part of the warming over the entire 120
years of the instrumental record. Since fossil fuel emissions have remained
continual, the variability of the record (especially the cooling from 1940 to the mid
1970s) must indicate the modulation by decadal climate variability. Further, the
sharp increase in warming begins in the mid 1970s, precisely the time that the
Pacific was known to undergo a “regime shift.”

0.9 1.6
0.6 Land and Ocean 11

0.3 0.5

0.0 er“‘—-‘#f‘-’-m 00

0.3 -0.5
-0.6 -1.1

08 14

o

2 0.5 Ocean 0.9 §

g 02 o 2 Ii“ 04 g

[ 1

S o TR 02 &
0.4 07
1.2 2.2
09 Lang 16
0.6 11
0.3 05
0.0 .LJ-.'JTL.-P a0
-0.3 -0.5
-0.6 -1.1
0.9 1.6
A . 22
1880 1800 1920 1940 1960 1980 2000

Year

Fig. 3. Annual mean surface temperatures (from the NOAA National Climatic Data
Center:
http://lwf.ncdc.noaa.gov/oa/climate/research/anomalies/anomalies.html#means)

We will see later that an important part of the warming since the mid 1970s
can indeed be identified with the PDO and the NAO and their unusual tendency to
be in the same phase starting in the mid-1970s.

2. Climatology and Normal Patterns of Variability of the
Pacific and Overlying Atmosphere

We cannot appreciate decadal variability in the Pacific unless we examine
the normal annual cycle. Fig 4. shows the annual cycle of Sea Level Pressure in the
Pacific. During (northern) winter, the North Pacific is dominated by a low pressure
over and to the southwest of the Aleutian Islands (this feature is termed the
Aleutian Low) with a relatively weak subtropical high sitting off California. The
subtropical high expands westward in Spring and reaches a maximum in summer
(though COADS can’t quite resolve it, the southern subtropical high also maximizes

in northern summer). The high weakens during autumn as the Aleutian Low begins
to strengthen.
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Fig. 4. Climatology of Sea Level Pressure from COADS. Upper Left: Jan, Upper
Right: April, Lower Left: July, Lower Right: October. From
http:/ferret.wrc.noaa.gov/las/main.pl
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Fig. 5. Sea Surface Temperature from COADS. Upper Left: Jan, Upper Right: April,
Lower Left: July, Lower Right: October. From http://ferret.wrc.noaa.gov/las/main.pl
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Fig 5 shows the climatology of SST. North Pacific SST is of course cold in
winter and warm in summer. Equatorial SST has a quite different climatology: it is
warmest in (northern) spring and coldest during autumn, with a minimum in the
eastern Pacific. As seen in Fig. 5, equatorial SST's in the eastern and central Pacific
tend to be slightly cooler than off-equatorial SST's, due to the presence of upwelling
along the equator. The region of cool equatorial SST that extends from the eastern
Pacific to about the dateline is referred to as the “cold tongue”. In the northern mid-
latitudes near 40°N a strong meridional SST gradient is observed off the west coast
of Japan. This gradient marks the Kuroshio-Oyashio Extension (KOE), an
eastward ocean current that denotes the boundary between the subtropical
(clockwise) and subpolar (counter-clockwise) gyres.

Normal conditions in the tropical regions have the western Pacific SST warm
with heavy rainfall over the warm water (Fig 6a). The rainfall exists because the
moist air is, in general, rising over warm water and condenses as it rises: this
produces low SLP over the western Pacific. The descending air sinks in the eastern
Pacific and SLP is high there. The surface trade winds are to the west from high
pressure in the east to low pressure in the west. Every few years in the Equatorial
Pacific, conditions change radically. Fig 6b shows warm conditions in the Tropical
Pacific (the warm phase of ENSO, commonly called El Nifio). The warm water
expands eastward, the region of heavy precipitation follows the warm water, and
the SLP in the west rises while the SLP in the east falls. The westward winds get
weaker and sometimes reverse entirely to eastward. During cold phases of ENSO,
Fig. 6¢, the warm water contracts westward, cold water in the east expands
westward, the westward winds intensify, and SLP weakens in the west and
increases in the east. The cycle of ENSO, as measured by the so called NINO3 index
of averaged temperatures from 90°W to 150°W, 5°S to 5°N is shown in Fig 6d to
indicate the interannual nature of the warm and cold phases of ENSO.
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Fig 6. a: Normal conditions in Tropical Pacific. b: Warm Phase of ENSO. c¢: Cold
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Fig. 7. Modes of
atmospheric variability.
Top row: EOF1 (left)
and EOF2 (right) of
monthly wintertime
(ONDJFMA) 500mb
height over the Pacific.
Patterns are generated
by regressing 500mb
height onto the
associated principal
component time series.
Bottom row: SLP
regressed onto the
principal component
time series from the top
row. For all maps, solid
contours denote positive
values, dashed contours
denote negative values,
and the zero line has
been omitted.

The dominant modes of low-frequency (> 10 days) mid-latitude atmospheric
variability over the Pacific include the Pacific North American (PNA) pattern, and
the West Pacific (WP) pattern. These patterns are shown in the first two EOF's of
monthly wintertime (ONDJFMA) 500mb height over the Pacific in Fig. 7. The
leading EOF is the PNA pattern, which consists of a wave train with centers over
the tropics, the Aleutian Low, the northern US and Canada, and Florida. The
second EOF identifies the West Pacific (WP) teleconnections pattern, with centers
over the central Pacific, and over the Baring Sea. These patterns have been
identified in numerous analyses, such as Wallace and Gutzler (1983), and Barnston

and Livezy, (1987).

The surface patterns that accompany the PNA and WP patterns are shown in
the bottom row of Fig. 7, which shows the regression maps of SLP onto the PNA and
WP time series (the principal components associated with EOF1 and EOF2). SLP
anomalies associated with the PNA pattern (bottom left) include variations in the
strength of the Aleutian Low (the climatological feature in Fig. 4). For the WP
pattern, the surface SLP anomalies consist of a dipole on either side of 45°N with
centers over Alaska and over the climatological subtropical high in Fig. 4. The SLP
pattern in the lower right panel of Fig. 7 has been termed the North Pacific



Oscillation (NPO) by Walker and Bliss (1932). Connections between the upper-level
500mb height variations and the surface SLP variations have been investigated by
Hsu and Wallace (1985).

3. Decadal Patterns in the Pacific Ocean and Overlying
Atmosphere

SST is the longest continuous instrumental record from which to construct
records of decadal variability over the Pacific. This is usually done from either the
COADS data set (Woodruff et al, 1987) which is most usable for global coverage
from 1950 to the present, or the U.K. Meteorological Office Historical Sea Surface
Temperature Dataset (Folland and Parker, 1990, 1995). The advantage of the
COADS set is that the associated parameters of winds, humidity, and clouds are
available to construct fluxes and other quantities which can help interpret the SST
variability. Another commonly used data set is the NCEP Reanalysis (see Kalnay
et al. 1996), which assimilates observed data into an atmospheric model. The
resulting model output includes complete spatial and temporal coverage from 1948
to present times, but suffers from some assumptions that are built into various
model parameterizations.

It is unfortunately true that there have been a number of analyses that differ
enough in method and/or domain that it is difficult to compare and interpret the
various studies. Some use annual data and some winter, some use global data and
some use only north Pacific, while some use empirical orthogonal functions (EOF's)
and some rotated EOFs to maximize the variance explained, and some give only the
leading EOF which may be another analyst’s second or third EOF. We will try to
present the various studies coherently to indicate not only the variability, but also
to point to the underlying dynamics that produces the variability.

Fig 8 shows the first two EOFs for the wintertime SSTs in the Pacific north of
20°S, from Deser and Blackmon (1995). The first EOF is dominated by the usual
ENSO signal, with the time series of the principal component showing
predominantly interannual variability and the major warm and cold phases of
1965/6, 1972/3, 1982/3, and the continuing warmth of the early 1990s. The cold
region in the North Pacific centered at 160°W, 30°N is a well known concomitant to
warm ENSO phases along the equator. Note that it is of opposite signs to SST both
at the Asian and North American coasts. The second EOF, Fig 8B, has most of its
amplitude along 40°N, is zonally elongated, and has much weaker connections to
the equatorial region. It is connected to the Asian coast at Japan but is of opposite
sign at the North American coast. Its time series is mostly decadal.
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Fig. 8. First two EOFs of winter (November to March) SST in the Pacific north of
20°S. From Deser and Blackmon, 1995.

Though the time series in Fig. 8a is primarily interannual, it also clearly
exhibits longer, decadal-scale variations. Similarly, the predominantly decadal time
series in Fig. 8b also contains variability with shorter, interannual time scales. A
recurring problem in studies of decadal variability is the search for a clean,
physically meaningful method of dividing the variability by time scales.

Zhang, Wallace and Battisti, 1997, examined the time dependence of such
variability simply by comparing patterns of SST variability in 6 year highpass, or
lowpass filtered data. The leading EOF's of highpass and lowpass filtered SST
north of 30°S are shown in Fig. 9. We see that the patterns share many of the same
characteristics, implying that the low frequency pattern may simply reflect the low
frequency variability of ENSO since lower frequency focing of the ocean leads to
wider meridional extent of the ocean response (Cane and Sarachik, 1981).
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Fig. 9. High passed and low passed EOF's (annual data) for the Pacific north of 20°S.
The time series is then regressed on the global SST (From Zhang, Wallace and
Battisti, 1997).

It should be noted that if the EOF is taken only for unfiltered Pacific SSTs
north of 20°N, and the time series of that north Pacific EOF is then regressed on the
global SST, we get what has come to be known as the Pacific Decadal Oscillation
(PDO; Mantua et al, 1997) as shown in Fig. 10. Note that the PDO shares many
features of the lowpass-filtered results of Zhang et al. (1997) in Fig. 9, though the
PDO exhibits larger amplitude cooling along 40°N, like Deser and Blackmon’s
EOF2. Since no time filtering is used, the PDO also has interannual variability
which exists in the SST of the North Pacific, possibly forced by the high and low
frequency variability of ENSO.
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Fig. 10. Upper diagram: the time series for the EOF of North Pacific SST. Lower
diagram: the regression of the NP index on global SST. From Zhang, Wallace, and
Battisti, 1997.
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Because surface variables are part of the reanalysis data set (see Kalnay et
al, 1996) the suite of ocean surface variables that accompany the high and low
frequency patterns in Fig. 9 can be obtained. A representation of the ENSO pattern
can be obtained by averaging the SST over the eastern equatorial Pacific (over the
region 6°S—6°N, 180°—90°W): this series is called the cold tongue index, CT.
Zhang et al. (1997) construct two time series that represent the high- and low-
frequency modulation of ENSO. The first, labeled CT*, is defined by applying the 6
year highpass filter to the CT index. The second is defined by calculating the first
principal component (PC) of global SST north of 30°S, fitting CT* to that PC (by a
linear least-squares fit), and removing the fitted time series from that leading PC.
This second time series is labeled the “global residual” (GR) time series, and
represents the dominant pattern of “residual” global SST variability that remains
after interannual ENSO variability has been removed. These two time indices are
plotted in Fig. 11.
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Fig. 11. The cold tongue and global residual time series from Zhang et al., 1997 as
given by Garreaud and Battisti, 1999.

The CT* 1s very similar to the High Pass (HP) index in Fig. 9 and gives a
good representation of the ENSO index. Similarly the GR index is similar to the NP
index of Fig. 10 and to the LP index of Fig. 9. The steep change of the GR index in
1976 has been related to the “regime shift” of 1976 that has been dealt with by
Trenberth (1990), Trenberth and Hurrell (1994) and Miller et al., 1994. While in the
sequel we will not consider regime shifts as a quantity distinct from the variability
of decadal patterns, we do note that there is some evidence for sudden shifts in the
equatorial thermocline (Guilderson, and Schrag, 1998) and in biological time series
in 1976 and 1989 (Hare and Mantua, 2000)--note that these latter periods are times
of rapid change of the GR index in Fig. 11.

Fig. 12 shows the surface variables that coincide with the ENSO-like mode. It
is apparent that the variability is generally symmetric about the equator lending
even more support to the idea that the mode is mostly a low frequency forcing by
the low frequency part of ENSO. The sea level pressure signal shows the surface
manifestation of the Aleutian low while the winds seem to indicate additional low

12



frequency convergence to the south-east of Indonesia that did not exist in the high
frequency ENSO forcing.
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Fig. 12. Annual SST, surface winds and sea level pressure regressed on the GR
index of Fig. 7. From Garreaud and Battisti, 1999.

So far the evidence indicates that the decadal SST in the North Pacific is
consistent with being driven from the tropics by the low frequency variability of
ENSO. Evidence that something more is going on comes from careful analyses of

SST in the North Pacific.
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Fig 13. Left: First two EOF's of decadally filtered SST in box in North Pacific and
correlation of the time series of the given EOF with the rest of the Pacific. Right:
Time series of the EOF's (from Nakamura, Lin, and Yamagata, 1997).

The first EOF lies along 40°N and extends to the coast of Japan. It lies along
the subarctic front and its EOF has almost no correlation with the rest of the
Pacific. The second EOF looks very much like the pattern that goes with the ENSO-
like mode of Fig. 12. The two time series indicate that in the mid-seventies, cooling
in the North Pacific (EOF1) tends to lead warming in the tropics (EOF2), so that
EOF mode 1 does not appear to be forced by the tropics.

The seasonality of the North Pacific SST (shown in the maps of root-mean-
squared winter and summer SST variability in Fig.14) may play an important role
in explaining Pacific decadal variability. This seasonality is somewhat surprising
since the SST anomalies appear to be greater in summer than in winter.

Fig. 14 Top Panel: The rms SST variability (on
all time scales) for winter. Bottom Panel: The

J rms SST variations for summer. From Zhang,
e e e o tem mw mew ow Norris and Wallace, 1998.
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The EOFs of North Pacific SST taken separately for summer and winter are
shown in Fig. 15. Note from Fig 15 that the summertime pattern looks very much
like the first EOF in Fig. 13 except that the opposite signed piece of the pattern
extending from Baja California southwestward into the tropics is much emphasized
in the summertime pattern.

() * A Fig. 15 (a) Leading EOF for SST for winter. (b):
Leading SST EOF for summer. (c): Time series
for winter and summer EOFs and, in the third
e 1o 1w 1w 2ow ow  TOW Of (¢), both, with summertime being filled

diamonds. From Zhang, Norris, and Wallace,
1998.
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Visual inspection of the time series of Fig. 13 indicates that the cooling in the
mid seventies had the EOF1 leading the cooling associated with the ENSO like
variability so that the EOF1 mode seems not to be forced by the tropics. This is
validated by an explicit attempt to remove all ENSO correlations from the SST field
and examine the residual. In Zhang et al, 1996, an annual ENSO index was defined
and correlated with both the SST and the 500mb field. The result is the usual
ENSO pattern and its atmospheric counterpart which is shown in the left hand
panel of Fig. 16 Note that the atmospheric 500mb pattern resembles but is not
quite the PNA pattern. The ENSO variability is then removed from the SST and
500mb height fields (via linear regression), and the leading patterns of covariability
between these “residual fields” are identified using SVD analysis. These patterns
are shown in the right panel of Fig. 16. This panel, which has had ENSO linearly
removed, bears some resemblance to the sub-arctic SST variability of Fig. 13, and
the 500mb chart is more nearly PNA. Insofar as possible, ENSO at all frequencies
has been removed and, as expected, what remains is not at all ENSO like. It too has
the main SST field extending all the way westward to Japan and has hints of the
southwest structure off the coast of Baja California.
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Fig. 16. Left Panel: Leading SVD fields of SST and 500mb height Right Panel:
leading SVD fields of SST and 500mb fields where ENSO has been removed (From
Zhang, Wallace, and Iwasaka, 1996).

Finally we note the work of Barlow et al, 2001 who looked at rotated EOFS
through the entire Pacific north of 20°S. Fig 17 shows the first three rotated EOF's
and their time series using data for the entire year contrasted for the corresponding
EOFs calculated only from summer data. We see many of the same features as
before but now it is clear that all the previous modes indeed exist throughout the
summer. ENSO naturally appears as the first rotated EOF and has predominantly
interannual variability. A PDO-like pattern appears naturally as the second REOF
with a predominantly decadal time series. The North Pacific SST expression of this
PDO-like pattern has considerably less amplitude than the defining picture for the
PDO in Fig. 10 would lead one to expect. The North Pacific mode appears as a
separate mode quite like the non-ENSO influenced mode in Fig. 16. The time series
for the North Pacific mode is similar to the EOF1 mode of Fig. 13. It has distinct
correlations with precipitation over the US that differs from the PDO: Barlow et al
therefore make a strong case that it is a mode of variability that needs to be
considered in addition to the PDO. The time series for the North Pacific mode in Fig
16 is similar to the EOF1 mode if Fig. 13.
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Fig. 17 Leading Rotated EOFs for Pacific. a)First REOF corresponding to ENSO, b)
second REOF corresponding to the PDO ¢) Third REOF corresponding to a different
mode here called the North Pacific mode. The contouring is such that it corresponds

to one standard deviation of the time series. From Barlow et al, 2001.

Having introduced the various SST modes of variability, we promised to
address the relationship between these decadal modes and the increase of globally
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averaged surface temperature in Fig. 3. It was Wallace and collaborators (Wallace,
Zhang, and Renwick, 1995; Wallace, Zhang, and Bajuk, 1996) who noticed that 1).
The surface warming during the northern winter was larger than the warming
during the summer especially since 1976 and 2). The pattern of the warm surface
anomalies had the northern continents warm and the oceans cool---the COWL (cool
ocean warm land) pattern. The arguments are well summarized in Wallace, 1996.

Fig 18. The wintertime correlations of temperature anomaly with NAO (top panel),
PDO (middle Panel) and ENSO (lower panel) over the time period 1935-1994. From
Hurrell, 1996.

Departure Pattern (Dec-Mar) 1935-1994

Hurrell (1996) went further and showed that the correlations of ENSO, NAO
and PDO with surface temperature gave the same high latitude warming as the
COWL pattern (Fig 18) which therefore has the following interpretation: the reason
for the enhanced winter warming was the unusual in-phase behavior of the NAO
and PDO patterns since 1976. The inevitable implication is that one cannot
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understand global warming without understanding the basic patterns of low
frequency variability.

4. Mechanisms for the Persistence of SST

We have seen that there is decadal variability during both summer and
winter. In order for decadal SST signals to exist, there must be some mechanism to
allow SST anomalies to persist from one winter to the next and from one summer to

the next. We will examine two mechanisms proposed to increase the persistence of
North Pacific SST mechanisms.

Re-emergence Mechanisin Schematic Flg 19. Schematic of re-emergence

: Tempeatuce & MLD mechanism. From Alexander, Timlin, and
g T ‘
' Scott, 2001.

Seasonal Cycle

e

=
=
=5
[
[}

100

150 : ; : : 5 . H H H H H ; i
JaM  FEH  MAR APR MAY JUW JUL AUG EEP OCT  MCW  DEC  JAN  FEB  HAR

Central Merth Pacific

The mechanism for persisting through the winter was elucidated by
Alexander and Deser, 1995 and by Alexander, Deser and Timlin, 1999 and is shown
in Fig. 19. During the summer, a strong shallow mixed layer forms in the North
Pacific. Any anomaly that formed in the deep mixed layer of the previous winter is
trapped under the newly formed summer mixed layer and simply stays there during
the entire summer. As the following winter sets on, the mixing due to storms and
winter cooling mixes away the summer mixed layer and reveals the previous
winter’s anomaly to the surface.

The mechanism for persisting through the summer is entirely different and
depends on a positive feedback between SST and low clouds (Norris, Zhang, and
Wallace, 1998). The basic analysis showed that cool SST anomalies had increased
amounts of low level stratus thereby reinforcing the original cold SST by reducing
the downward solar radiation at the surface. Similarly, warm SST anomalies had
less low level clouds thereby reinforcing the warm water. This mechanism only
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seems to work in the calm of summer where the low level stratus is not disturbed by
winter storminess.

5. Mechanisms of Decadal Variability

Due to the short duration and limited spatial coverage of the observational
record, theories of decadal variability have been heavily influenced by
investigations of long simulations of coupled general circulation models. This
section presents some leading theories of decadal variability derived from physical
arguments, and from GCM simulations. Whenever possible, we attempt to present
the observational and model evidence for the existence of these mechanisms.
Readers may wish to consult a more comprehensive review by Miller and Schneider
(2000).

5.1 Mechanisms of tropical decadal variability

The strong similarities in the spatial structures of tropical interannual and
decadal variability (c.f. Fig. 9) lead to a default assumption that tropical decadal
variability may be described by similar dynamics as interannual variability. It is
generally accepted that interannual ENSO variability is governed by the delayed
oscillator mechanism. We begin this section with a brief overview of the delayed
oscillator mechanism and its implications for decadal variability. Following the
overview, we discuss some viable variations to the delayed oscillator mechanism
that have been proposed to explain tropical decadal variability.

The delayed oscillator mechanism (Battisti and Hirst, 1989) may be
interpreted as the statement that an ENSO event, once initiated, contains within it
a means for its own amplification (a positive “Bjerknes feedback”), as well as the
seeds of its own destruction some time later (a delayed negative “ocean memory
feedback”) (see Neelinet al., 1998, for a review). Although these feedbacks contain a
rich mixture of processes, they may generally be described as follows. Consider, in
the case of the warm phase of ENSO in Fig. 6, an initial relaxation of the
climatological westward trades. Part of the ocean adjustment to these relaxed
trades consists of an eastward propagating Kelvin-wave signal, which will tend to
depress the thermocline in the eastern and central Pacific, and warm the surface
via a decrease in the amount of cool water that is upwelled to the surface from
beneath the thermocline. The resulting SST increase in the eastern Pacific reduces
the climatological zonal temperature gradient along the equator, to which the
atmosphere responds with a further reduction in the strength of the trades. This
cycle completes the positive Bjerknes feedback for the delayed oscillator mechanism.
At the same time the relaxed trades force uncoupled, westward-propagating Rossby-
wave signals that, upon reaching the western ocean boundary, reflect as an
upwelling Kelvin wave. This upwelling Kelvin wave counters the positive Bjerknes
feedback in the central Pacific and provide the negative ocean memory feedback
that eventually terminates the El Nifio event.
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Though the delayed oscillator mechanism produces tropical variability with a
preferred interannual time scale, it is also capable of generating variance across a
wide range of time scales, including decadal. The nature of the decadal variability
produced by the delayed oscillator mechanism is closely tied to the stability of the
delayed oscillator mode, or ENSO mode. In the early models of ENSO (e.g., Zebiak
and Cane, 1987; Battisti, 1988; Battisti and Hirst, 1989; Schopf and Suarez, 1988),
the delayed oscillator mechanism produces self-sustained oscillations due to a
linearly unstable ENSO mode. For some parameter regimes, interactions between
the annual cycle and this unstable ENSO mode lead to chaotic model behavior,
including a rich temporal structure of variability that may include decadal spectral
peaks (Chang et al., 1995; Tziperman et al., 1995; Cane and Zebiak, 1995).

Recent studies using more “realistic” parameters produce a linearly stable
ENSO-mode, from which interannual and decadal variance is maintained by energy
input from stochastic forcing (Chang et al., 1996; Thompson and Battisti, 2001).
Fig. 20 shows the range of spectral estimates of tropical variability produced by the
linear stochastic ENSO model of Thompson and Battisti (2001), as well as the
spectrum of observed variability. The variance spectrum of observed tropical
decadal variability is well within the bounds of the linear model’s ENSO variability,
suggesting that observed tropical variability may be no more than the decadal
residue of the delayed oscillator mechanism. We note that in general, the spectra
produced by the stochastically forced linearly stable models produce more realistic
spectra at decadal time scales than the chaotic models, though the observational
record is too short to definitively establish whether ENSO is in a linearly stable or
unstable regime in nature. In either case, the delayed oscillator mechanism is
clearly capable of generating realistic levels of decadal variance.

Fig. 20. Power spectra of ENSO
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Various forms of the delayed oscillator mechanism have been invoked to
explain tropical decadal variability in some GCM simulations. Kirtmann (1997)
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shows that the dominant time scale of tropical variability produced by the delayed
oscillator mechanism is sensitive to the meridional structure of coupled zonal wind
stress anomalies in the central Pacific. The meridionally broadened zonal wind
stress anomalies project onto higher order (meridional) Rossby waves, which
weaken the negative ocean memory feedback through reduced Kelvin wave
reflection efficiency off the western boundary (Cane and Sarachik, 1977). This
mechanism has been invoked to explain tropical decadal variability in the GCM
simulations of Knutson and Manabe (1998).

Similarly, Liu et al. (2002) show that higher order (vertical) modes (and
hence slower wave propagation speeds) may be responsible for producing decadal
tropical variability in a coupled ocean atmosphere model. In a 1000 year simulation
of the CSTIRO CGCM, Vimont et al. find that while the positive Bjerknes feedback
operates on both interannual and decadal time scales, the negative ocean memory
feedback is absent on decadal time scales. The existence of the positive Bjerknes
feedback on decadal time scales implies that coupled dynamics will tend to amplify
the tropical response to forcing on decadal time scales, and will produce a similar
spatial structure of variability as the interannual ENSO variability regardless of
the source of the forcing.

5.2 Mid-latitude variability

Mid latitude variability may generally be viewed as the superposition of
intrinsic mid-latitude variability, and externally forced mid-latitude variability (by,
say, tropical ENSO variability). In this section, we discuss mechanisms of intrinsic
mid-latitude variability, though many of these mechanisms may also apply in the
presence of external forcing.

5.2.1 Stochastic processes

The large disparity in time scales of atmospheric (days to weeks) and oceanic
(months to years) processes gives rise to a powerful set of stochastic models with
which to describe mid-latitude climate variability. In these models, the non-linear
atmospheric dynamics that give rise to day-to-day weather fluctuations may be
parameterized as a stochastic white noise process.

A simple yet powerful example of a stochastic climate model is proposed by
Hasselmann (1976), and used by Frankignoul and Hasselmann (1977) to describe
the passive thermal response of the oceanic mixed layer to stochastic heat flux and

momentum forcing from the atmosphere. The model may be written:

ar,
—2=f(t)-AT,, 1
o [O-AT, ey

where f(t) is the stochastic atmospheric forcing, and 7o is the ocean temperature
anomaly response that integrates the forcing, and damps with an e-folding decay
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time A1, The damping time scale A1, is proportional to the depth of the oceanic
mixed layer (and hence its thermal inertia), and ranges between three and six
months for the initial rate of decay of mid-latitude SST anomalies (Lau and Nath,
1996; Deser et al., 2002).

The behavior of the Hasselmann (1976) model may be understood by an
analogy to coin tossing. Consider an unbiased coin toss with outcome Pn = +1
(analogous to the atmospheric forcing), and a sum Y, P» = X (analogous to the ocean
response). In the absence of damping, the sum X will contain progressively longer
time scales and fewer zero crossings as time increases (this is simply a random
walk). As discussed below, damping limits the growth of variance for very long time
scales. Standardized (idealized) time series of atmospheric forcing and oceanic
temperature anomalies produced by the Hasselmann (1976) model are shown in
Fig. 21. From this figure, it is clear that the model provides a means of producing
low-frequency variability from a process with no preferred time scale.

ATM
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Fig. 21. Idealized standardized atmospheric forcing and oceanic response time
series produced by the Hasselmann (1976) model.

The variance spectrum of ocean temperature anomalies may be written:

f(o)

P ()= ,
() o>+ A

2)

where f(®) is the spectrum of atmospheric variability, which may be considered
constant (white noise) for time scales longer than a week or so. For short time
scales (mw >> 1), the ocean temperature variance increases linearly with time, in
accord with the random walk behavior discussed above. In the absence of the
damping feedback, the ocean temperature anomaly would grow without bound.
However, for these longer time scales, damping becomes progressively more
important. As a result, for long time scales (o << 1), damping matches the
increased variance from the integrative effect, and the spectrum flattens out. The
spectrum produced by the Hasselmann (1976) model has been quite effective at
describing the temporal variability of mid-latitude SST variability in numerous
observational and modeling studies, and should be used as a null hypothesis for
mid-latitude SST variability.
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The Hasselmann (1976) model has been combined with a simple model of the
reemergence mechanism (discussed in Section 4) by Deser et al. (2002) to
successfully explain the year-to-year persistence of SST anomalies in the North
Pacific. Shown in Fig. 22 is the auto-lag correlation of North Pacific SST and mixed
layer heat content anomalies from their values in March. A clear annual cycle is
seen in the SST autocorrelation (dashed line) with peaks in March of successive
years, due to the reemergence mechanism. In contrast, the total heat content
(which includes the contribution from temperature anomalies that are trapped at
depth during the summer months) appears to decay at a constant rate, as expected
by a theoretical Hasselmann (1976) model that uses the winter mixed layer depth to
calculate the damping rate (thick grey line in Fig. 22). The success of this model
implies that the winter mixed layer depth should be used when calculating the
feedback parameter A for studies of the year-to-year persistence of SST anomalies.

"u; Log Autocorelotion from Worch HPAC

Fig. 22. Monthly lagged autocorrelation
nB function from March for heat content (solid)
and SST (dashed). The broad grey band
0.6 indicates the theoretical spectrum from the
' idealized stochastic model of Deser et al.
o4 2002. The thin grey line denotes the
' 1'1 .I'I I 3 theoretical curve for the short term response
a9 I [ of the Hasselmann (1976) model. From
' v 'l'. | Deser et al. (2002).
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One of the limitations of the Hasselmann (1976) model is that it does not
allow for a coupled atmospheric response to ocean temperature anomalies. Barsugli
and Battisti (1998) incorporate this response in a linear stochastic energy balance
model of thermal coupling between the mid-latitude ocean and atmosphere. In
contrast to Hasselmann (1976), intrinsic atmospheric dynamics are represented by
a white noise process (IV), heat flux anomalies are related to the sea-air temperature
difference, and the atmosphere is permitted to respond to these heat flux anomalies.
The resulting model may be written:

ar, =—al,+bT,+N
ar, )
—2=cT,-dT,

ﬂ dt C a o
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where -aT, and -dT, represent damping of atmospheric and oceanic temperature
anomalies; bT, and ¢T, represent ocean-to-atmosphere and atmosphere-to-ocean
feedbacks, respectively; and S represents the ratio of thermal inertia between the
ocean and atmosphere (f >> 1).

The power spectra of atmospheric and oceanic temperature anomalies from
the coupled and uncoupled Barsugli and Battisti (1998) model (equation 2) are
shown in Fig. 23, upper panel. Note that the uncoupled Hasselmann (1976) model
may essentially be recovered from the Barsugli and Battisti (1998) model by setting
b to zero, and noting that § introduces a disparity in the intrinsic time scales of
atmospheric and oceanic variability such that 7. is essentially white at the time
scales of interest to the ocean (see Fig. 23, uncoupled curves). Fig. 23, upper panel,
shows that the addition of ocean-to-atmosphere feedbacks causes a three-fold
increase in low-frequency (decadal) oceanic and atmospheric temperature variance.
This increased variance results from a reduced thermal damping of temperature
anomalies at low frequencies: as the oceanic and atmospheric temperature reach
equilibrium, the net surface heat flux (proportional to the temperature difference)
vanishes, reducing the thermal damping of both the ocean and atmosphere. This
effect can be seen in the variance spectra of heat flux from the coupled and
uncoupled experiments in Fig. 23, lower panel. The lack of appreciable heat flux
anomalies at decadal time scales lends a cautionary note to the interpretation of
surface heat fluxes as implying causality for decadal time scale fluctuations.

2.5

Fig. 23. Theoretical spectra from the
Barsugli and Battisti (1998) model: (top)
oceanic and atmospheric temperature
spectra; (bottom) heat flux spectra.
Coupled and uncoupled curves are
discussed in text. From Barsugli and
Battisti (1998).
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The physical mechanism behind the Barsugli and Battisti (1998) model has
been confirmed in GCM simulations. Bladé (1997, 1999), and Saravanan (1998)
show that thermal coupling increases mid-latitude 500mb height variance by about
20%, and increases 850mb temperature variance by about 70%. These studies
confirm that thermal coupling decreases the net surface heat flux variance,
resulting in a positive feedback for atmospheric temperature anomalies. Blade
(1999) shows that thermal coupling tends to enhance the variance of “zonal index”
modes (such as the WP and NPO patterns) more so than other modes (e.g., the
PNA).

The inclusion of a dynamic ocean introduces new mechanisms by which a
defined decadal time scale might be generated (Frankignoul et al., 1997; Saravanan
and McWilliams 1998; Weng and Neelin, 1999). In these hypotheses, a time scale is
set by a defined spatial scale of atmospheric forcing, and an advective velocity set by
ocean processes. Consider, in the case of Frankignoul et al. (1997), a spatially
uniform but temporally stochastic wind stress curl that forces baroclinic oceanic
Rossby waves. As the Rossby waves propagate westward, they integrate the wind
stress curl forcing, producing a maximum streamfunction response at the western
boundary of the ocean basin. The dominant time scale of that response is thus set
by the basin width (or spatial scale of the atmospheric forcing) and the advective
velocity of the first baroclinic Rossby wave.

The advective resonance hypothesis of Saravanan and McWilliams (1998),
illustrated in Fig. 24 below, may be understood in a similar fashion, except that the
ocean integrates heat flux forcing with a defined spatial scale along a trajectory
determined by the mean gyre circulation (and hence a defined advective velocity).
Note that both the Frankignoul et al. (1997) and Saravanan and McWilliams (1998)
mechanisms produce defined decadal time scale variability without any
requirement of atmospheric feedbacks. Naturally, the spectra might be altered if a
Barsugli and Battisti (1998) feedback is incorporated into the atmospheric forcing.

Fig. 24. Schematic of the advective

resonance hypothesis of Saravanan and

McWilliams (1998). Arrows denote mean

gyre circulation, lightly dashed lines indicate
1 fixed pattern of atmospheric forcing. From
Saravanan et al. (2000).
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Various studies have investigated the hypotheses of Frankignoul et al. (1997)
and Saravanan and McWilliams (1998) in model simulations. The modeling studies
of Frankignoul et al. (2000) and Schneider et al. (2002) find that the mid-latitude
Pacific Ocean response to atmospheric forcing includes both a quick response to
surface fluxes and Ekman advection, and a delayed response along the western
boundary arising from the oceanic adjustment to wind stress curl forcing (as per
Frankignoul et al., 1997). In contrast, Pierce et al. (2001) investigates the role of
ocean dynamics in producing mid-latitude decadal variability, and finds that
neither the advective resonance hypothesis of Saravanan and McWilliams (1998),
nor the stochastic excitation of oceanic Rossby waves can explain a modeled decadal
peak in the variance spectrum of oceanic variability.

5.2.2. Uncoupled mechanisms

It is possible that decadal variability may be generated in the atmosphere or
ocean without any coupling between the two. It is possible that chaotic attractors in
the atmosphere may give rise to preferred ‘regimes’ of atmospheric variability.
External forcing by increased carbon dioxide may bias the atmosphere toward one
regime over another. This behavior is suggested by the results of Corti et al. (1999),
shown in Fig. 25. They show that the atmospheric state probability density
function (PDF), based on the 500mb geopotential height field, has undergone a
change in the early 1970’s, which may be due to greenhouse gas forcing. Internally
generated ocean variability may also give rise to decadal variability. In the
Atlantic, interactions between the ocean’s gyre and thermohaline circulations may
give rise to variability with a decadal time scale. Though quite weak, it is possible
that this effect may be rapidly (~40 yr) communicated to the tropical Pacific through
wave dynamics (Goodman, 2000). Other studies of eddy-resolving ocean models (see
Miller and Schneider, 2000 for a review) indicate that decadal variability may arise
independent of atmospheric forcing. Despite the existence of uncoupled
mechanisms in the atmosphere and ocean, it is unlikely that decadal variability of
appreciable amplitude can be generated in the absence of coupling, except possibly
in the Kuroshio region.
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Fig. 25. Left panels: preferred regimes of atmospheric variability, obtained by
cluster analysis. Right panel: 500mb geopotential height state vector PDF
expressed as a projection onto the first two EOFs of monthly mean 500mb height.
Panel (a) indicates the location of the clusters (left panels) in the state space. Panel
(c) indicates the PDF for the time period 1949-1971, and panel (d) indicates the PDF
for the time period 1971-1994. From Corti et al., (1999).

5.2.3 Mid-latitude coupled modes

Coupled feedbacks between the mid-latitude ocean and atmosphere may give
rise to new intrinsic mid-latitude modes of decadal variability (Latif and Barnett
1994, 1996; Weng and Neelin, 1999). One such mode is hypothesized by Latif and
Barnett (1994) in a 70 year simulation of the ECHO coupled model. The mode is
described in the following manner. Suppose an anomalous atmospheric circulation
cools the central Pacific SST through changes in the net surface heat fluxes and
Ekman transports. If this SST anomaly feeds back positively to the atmospheric
circulation anomaly, it will tend to add persistence to the atmospheric circulation
anomalies. At the same time, wind stress anomalies associated with the
atmospheric circulation strengthen the subtropical gyre circulation, which advects
warmer water northward along the western boundary, and into the KOE region.
The resulting warm SST anomalies feed back negatively to the atmospheric
circulation and switches the phase of the oscillation.

The Latif and Barnett (1994, 1996) mechanism has been extensively
investigated in various coupled and uncoupled model simulations. The mid-latitude
ocean response to observed atmospheric forcing is examined in Miller et al. (1994,
1998) and Seager et al. (2001). The oceanic response in the KOE region consists of a
fast response to local surface forcing (as per the Hasselmann, 1976 mechanism), and
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a delayed dynamical response of the thermocline in the KOE region, due to Rossby
wave propagation from the central Pacific. This thermocline response is
communicated to the surface by mixed layer processes during the winter. However,
both models (those mentioned, as well as Schneider et al. 2001; Frankingnoul et al.
2002) and observations (Deser et al., 1999), suggest that the resulting SST
anomalies in the KOE region are the wrong sign to force a negative feedback, as per
the Latif and Barnett (1994, 1996) mechanism. The atmospheric response to mid-
latitude SST anomalies has also been studied extensively in modeling simulations.
In general, it is found that the modeled response to mid-latitude SST anomalies is
much weaker than that in the ECHO model simulation used by Latif and Barnett
(1994) (see Kushnir et al. 2002, for a review).

While it does not appear that the Latif and Barnett (1994) mechanism, in its
original state is likely to explain observed decadal variability, feedbacks from the
ocean to the atmosphere do appear to play some role in generating variability in
some GCM simulations. In particular, the coupled model simulations of
Frankignoul et al. (2002) and Schneider et al. (2002) both suggest a weak positive
feedback between ocean SST anomalies in the KOE region and the overlying
atmospheric circulation. Shown in Fig. 26 is the spectrum of ocean pressure near
the KOE region from a 147yr simulation of the ECHO-2 model (an improved version
of the same model used by Latif and Barnett (1994)), as well as the expected spectra
from some theoretical models. In the left panel, the modeled spectrum compares
very well with a simple equivalent barotropic Rossby wave model that is forced by
the coupled model’s wind stress curl field. The middle panel shows the spectrum
that would be expected if the atmospheric forcing were purely a white-noise process
(i.e., without feedbacks from the ocean to the atmosphere). The agreement between
the simple model and the GCM in the middle panel suggest that pressure
variability in the western Pacific is largely governed by the Frankignoul et al.
(1997) mechanism. In the right panel, the GCM spectrum is compared to the same
Rossby wave model, except that the model includes either a negative (as per Latif
and Barnett, 1994) or a positive feedback. While the negative feedback does
produce a weak spectral peak, it is at too short a period, and the interdecadal
variance is too weak to explain the ECHO-2 model’s variability. Instead, a weak
positive feedback may be important for the model’s variability.
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Fig. 26: Ocean pressure spectra from the ECHO-2 model (from Schneider et al.
2002): (left panel) CGCM ocean pressure spectrum (dashed) compared to the
spectrum produced by a simple equivalent barotropic Rossby wave model (solid);
(middle panel) CGCM spectrum (dashed) compared to the same Rossby wave model,
with white noise atmospheric forcing. (right panel); model spectrum compared to
the same Rossby wave model that incorporates a positive (solid) or negative (dotted)
feedback.

5.3 Connections between the tropics and mid-latitudes

In this section we present some hypotheses through which the mid-latitudes
and tropics interact with one another. First, we present the well-established
“atmospheric bridge” null hypothesis, which is known to operate on interannual
time scales. Next, connections by which the mid-latitudes influence the tropics
through oceanic processes are presented, followed by a mechanism by which the
mid-latitude atmosphere can influence the tropics through coupling with the
oceanic mixed layer in the tropics and subtropics.

5.3.1 The atmospheric bridge

It is well established that tropical ENSO variability forces mid-latitude
atmospheric teleconnections, which may then force temperature anomalies in the
underlying ocean (see reviews by Lau, 1997; Trenberth et al., 1998; Alexander et al.,
2002). Although there is still some controversy about the details of the mid-latitude
teleconnections, it is generally accepted that ENSO-related changes in the tropical
circulation (due to changes in tropical atmospheric heating) provide a forcing
mechanism for poleward propagating Rossby waves in the atmosphere. Due to
climatological features in the mid-latitude atmosphere, the atmospheric response
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typically takes on features of existing modes of atmospheric variability. This
atmospheric variability can, in turn, alter the mid-latitude SST through associated
changes in the surface heat and momentum fluxes. The prevalence of the
atmospheric bridge on interannual time scales, combined with the assumed
existence of tropical ENSO-related decadal variability, suggests that the
atmospheric bridge should be used as a null hypothesis for explaining interactions
between the tropics and mid-latitudes on decadal time scales.

Modeling studies have confirmed the role of tropical ENSO-like variability in
reproducing observed mid-latitude climate variability. Graham (1994) and Graham
et al. (1994) perform a series of model simulations in which an atmospheric model is
forced by observed tropical (TOGA), mid-latitude (MOGA) and global (GOGA) SSTs.
They find that many elements of the 1976-77 shift in mid-latitude climate are
reproducible when the atmosphere is forced by tropical SST anomalies, in accord
with the atmospheric bridge hypothesis.

5.3.2 Connections involving ocean transports

Numerous mechanisms have been proposed by which mid-latitude variability
impacts tropical ENSO-like variability through oceanic pathways. Gu and
Philander (1997) propose a decadal cycle by which mid-latitude SST anomalies
(generated through the atmospheric bridge) subduct at mid-latitudes and propagate
westward and equatorward through the ocean’s interior. Upon reaching the
equator, these cool temperature anomalies encounter temperature anomalies of the
opposite sign, eventually reversing the sign of the tropical temperature anomalies,
and hence the decadal SST anomalies.

Though the Gu and Philander mechanism may exist in some simple coupled
models, recent research indicates that it is not likely to have an important effect in
models or in nature (Schneider, 1999; Pierce et al., 2000; Liu et al., 2002). Kleeman
et al. (1999) propose a similar mechanism by which teleconnected mid-latitude wind
stress anomalies alter the strength of the subtropical overturning cells, eventually
affecting the equatorial SST. Some evidence for a spin-down of the subtropical gyre
circulation is presented by McPhaden and Zhang (2002), although it is unclear
whether this spin-down is forced by mid-latitude variability, or by tropical coupled
dynamics. Lysne et al. (1997) propose a similar mechanism by which Rossby waves
generated by teleconnected wind stress anomalies may reflect off the western
boundary, eventually affecting the tropical thermocline.

5.3.3 Connections involving the atmosphere
It is possible that intrinsic mid-latitude atmospheric variability may

influence the tropics through coupled interactions with the tropical Pacific mixed
layer. Vimont et al. (2001) outline a “seasonal footprinting mechanism” (SFM) that
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links mid-latitude atmospheric variability with tropical zonal wind stress
anomalies, which may subsequently influence ENSO. The mechanism is
summarized in Fig. 27. During winter, mid-latitude atmospheric variability with a
spatial structure that closely resembles the NPO of Walker and Bliss (1932),
imparts an SST “footprint” onto the oceanic mixed layer via changes in the net
surface heat flux. The subtropical portion of this footprint persists into the spring
and summer, and forces a residual atmospheric circulation that includes zonal wind
stress anomalies along the equator. The tropical Pacific responds to these
equatorial zonal wind stress anomalies through coupled dynamics, producing an
ENSO-like pattern of variability.

Fig. 27. Schematic of the Seasonal

SEASONAL Footprinting Mechanism. Dashed lines

FOOTPRINTING indicate SLP anomalies, arrows denote
MECHANISM surface winds, and dark and light shading

e indicate warm and cold SST anomalies,

respectively. From Vimont et al. (2002b).
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The SFM appears to play an important role in generating tropical variability
in nature, and in the CSIRO models. Vimont et al. (2002a) find that the SFM
explains 25-50% of the CSIRO model’s interannual ENSO variability, and nearly
75% of the model’s decadal ENSO-like variability. In the observed record, Vimont
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et al. (2002b) find the SFM may be a leading contributor to the stochastic forcing of
ENSO. Fig. 28 shows the temporal evolution and lagged correlation between
indices of the NPO and of ENSO, from Vimont et al. (2002b). Indeed, the lagged
correlation confirms that the winter NPO tends to lead to an ENSO event during
the following winter. Although Vimont et al. (2002b) focused on the relationship
between the NPO and interannual ENSO variability, examination of Fig. 28
suggests that the SFM may play a role in generating decadal variability in nature
as well.
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Fig. 28. (a) Time series of the observed, semi-annually resolved CT index (solid
line), and of a time index representing the winter NPO (grey circles). (b) Lagged
correlation between the NPO time series and the CT index in part (a). For
reference, in panel (b), a lag of -1/2 (-1) implies that the winter NPO leads the
following summer (winter) CTI. From Vimont et al. (2002c¢).

6. Where Are We, and Where Do We Go From Here?

6.1. Mechanisms

There appears to be a growing consensus on the mechanisms responsible for
the bulk of the decadal variability in the Pacific. This consensus has been aided by
the emergence of viable and testable null hypotheses for decadal variability. Here,
we present a brief collection of null hypotheses that appear to be important for
explaining the low-frequency (decadal) variability in the Pacific. While not
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exhaustive, these hypotheses should be considered before resorting to more “exotic”
mechanisms for describing decadal variability.

From models, it is well established that ENSO varies on many time scales,
including decadal. This tropical decadal variability arises simply from the ENSO
cycle itself. Modeling results indicate that stochastic forcing may play a very
important role in determining the strength and temporal characteristics of tropical
decadal variability. In particular, the mid-latitude atmosphere (through the
seasonal footprinting mechanism) may be an important source of tropical decadal
variability.

The mid-latitudes will be affected by decadal ENSO variability through the
Atmospheric Bridge. However, tropically forced mid-latitude decadal variability is
only half the story (the correlation between the CTI and the PDO is only about 0.7)
— there is still a good deal of variability that arises due to processes intrinsic to the
mid-latitudes. Intrinsic mid-latitude decadal variability appears mainly driven by
two mechanisms:

1)

2)

The bulk of the SST variability may be considered as a broad-scale,
immediate response to local surface forcing from the atmosphere (either
intrinsic, or tropically forced) as in the Hasselmann (1976) and Barsugli
and Battisti (1998) mechanisms. These SST anomalies persist from year
to year due to the reemergence mechanism, as shown by Deser et al.,
2002.

A delayed, non-local response to atmospheric forcing is generated through
ocean dynamic processes. This response is produced by westward
propagating Rossby waves, and hence is strongest at the western
boundary of the ocean basin (Frankignoul et al., 1997). An SST signature
of this non-local response may be induced through changes in the strength
of the gyre circulation, shifts in the location of the Kuroshio, and
displacements of the mid-latitude thermocline which affect the surface by
deep mixing during the winter. The effects of these temperature
anomalies on the overlying atmospheric circulation are weak, though
perhaps not trivial. The role of uncoupled ocean processes may also prove
important in explaining variability of in the Kuroshio region.

It appears that midlatitude SST anomalies have only a small and subtle
effect on the atmosphere (e.g. Kushnir et. al, 2002) and it is most likely that the
SST anomalies in midlatitudes independent of SST do not directly force midlatitude
teleconnections. This is especially important when considering impacts and
predictability of decadal variability. In particular, while simultaneous correlations
such as Fig. 1 indicate large impacts of decadal variability over the northwestern

34



U.S,, it is most likely that any predictable component of these impacts will come
from the tropics (Pierce, 2002).

The role of seasonality has been highlighted by Deser et al. (2001), Barlow et
al. (2001), and by Vimont et al. (2001, 2002b, 2002¢). It seems that any theory of
decadal variability must also deal with the issue of seasonality.

The local response to surface forcing is illustrated in Fig. 29, which is
generated from a coupled simulation of an atmospheric GCM coupled to an ocean
slab mixed layer (a similar result was obtained by Barnett et al., 1999a and Pierce
et al, 2000). Clearly visible in Fig. 29 is an SST anomaly at 40°N that must have
been forced from the atmosphere since there is no other process that can create SST
anomalies in a mixed layer ocean-in particular there is no Kuroshio. At the same
time modeling studies that include a dynamic ocean have indicated that similar
low-frequency variability near the Kuroshio region can arise through displacements
of the Kuroshio (Deser, personal communication). That it is an ocean process in this
model is unambiguously decided by finding that the fluxes connected to this SST
are opposed to the SST anomaly and therefore could not have been the cause of it.
This non-local effect is likely to be spatially attenuated by the ocean.

Fig 29: SST from an AGCM coupled to a
slab ocean mixed layer. From Vimont et
al, 2002b.

6.2. Observations

Its clear that the observational record is too short to completely define
decadal variability. SST is known partly for the last 120 years and reconstructions
(Kaplan et al., 1998) have (arguably) allowed a complete SST field of the Pacific for
the this interval. The COADS data set usefully allows construction of the subsidiary
fluxes for only about the last 50 years. Similarly for the upper air structure, data
exists only for the last 50 years and no amount of reanalysis can provide data where
none was ever taken. It therefore becomes a challenge to extract decadal and multi-
decadal signals from the observations.

The record is long enough to identify some decadal variability and this is
what we have reviewed in Section 2. Still, one cannot help but question whether
the dominant methods (EOF analysis and temporal filtering) are appropriate for
identifying decadal variations. A glance at the movie of SSTs since 1980 at
http://www.coaps.fsu.edu/~grant/reysst makes the problem clear. The patterns
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identified by the EOF analyses in Sec. 2 don’t individually last for decades but they
sometimes do appear in full form for brief periods. More often, however, pieces of
them recur often enough for the EOF analysis to put them together as a pattern.

It should also be noted that the subsurface structure is not well enough
defined by the observations to examine the full three dimensional structure in the
ocean of the patterns identified in Sec. 2. Thus while models have been used to drive
the subsurface structure using the observed winds (e.g. Miller et al., 1994, 1998; Xie
et al., 2000; Seager et al., 2001; Karspeck and Cane, 2002; Giese and Carton, 1999),
these are not subject to observational verification (except near the equator) since
the mid 1990s.

The record has been extended by used of paleoclimatic proxies. As an
example, Minobe (1997) uses a tree ring reconstruction to identify a time scale for
Pacific decadal variability of order 50-70 years. The observational record is too
short to confirm the prevalence of this time scale although Tanimoto et al., 1994
and later authors have certainly tried. The use of tree rings as proxies is actively
being explored to extend the record still further (e.g. Biondi et al., 1991; Gedalof et
al., 2001).

We should be doing everything in our power to guarantee that in one
hundred years, we have extended the observational record in the Pacific by one
hundred years and that we have the data needed to define the decadal variability. If
things proceed as at present, this will not be true. At the same time, we need to
work to extend the temporal and spatial coverage of paleoclimatic data while we can
(e.g. records from tropical glaciers and corals are being lost as the earth warms due
to anthropogenic emissions).

6.3. Models

Regardless of the quality of observational record, in the near future the data
record will simply be too short to unambiguously determine the mechanisms
responsible for Pacific decadal variability, especially given the prevalence of
stochastic processes. Additionally, the increase of greenhouse gasses will make it
increasingly more difficult to distinguish natural climate variability from externally
forced climate variability. Thus, the laboratory that models provide will be
essential for distilling the physics responsible for decadal variability in the climate
system. The unraveling of mechanisms are therefore most likely to be accomplished
in climate models guided by whatever observations exist.

This is not to downplay the importance of observational studies. It should be
noted that every theory of decadal variability involves physical processes that occur
on much shorter time scales — from days to years. The data record is clearly long
enough to examine these short time scale processes, and hence, to provide some
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limits on the validity of proposed theories of decadal variability. Similarly,
observational studies will continue to provide estimates of the range and structure
of decadal variability in nature.

One area that should be focused on is the improvement of coupled climate
models, especially in representing tropical variability, and in representing the
boundary currents. Currently, there are no GCMs that produce a realistic ENSO
cycle (with respect to amplitude, irregularity, phase locking to the seasonal cycle,
etc.). This is of utmost importance in understanding not only decadal variability,
but also the mean climate, the sensitivity of climate, the climate response to
increased greenhouse gasses, and the variability and mean state of past climates. A
realistic representation of the western boundary currents will be important in
determining predictability limits along the western boundary (as shown in
Schneider and Miller, 2001), and the potential atmospheric feedbacks to ocean heat
flux anomalies.

As we have pointed out, much of the knowledge about the mechanisms of
Pacific decadal variability is likely to be obtained from the analysis of climate
models. Thus, a detailed intercomparison of the decadal variability in climate
models would be of value. This having been done, a complete diagnostic analysis of
known mechanisms for decadal variability (as outlined in Section 6.1) in each of
them would be of immense value for exploring the range of possible mechanisms for
pacific decadal variability. Once these mechanisms have been explored, it is worth
asking whether any of the models derive Pacific decadal variability from anything
other than the null hypothesis combined with the decadal variability of ENSO.
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WEB SITES:
Climatological Data:

http:/ferret.wrc.noaa.gov/las/main.pl (Interactive plotting of data sets)

http://tao.atmos.washington.edu/data sets/
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http://ferret.wrc.noaa.gov/las/main.pl
http://tao.atmos.washington.edu/data_sets/

http://www.coaps.fsu.edu/~grant/reysst/ (movies of Reynolds SST-1981-now).

Patterns:

http://taoc.atmos.washington.edu/pdo/

http://horizon.atmos.colostate.edu/ao/

http://www.ldeo.columbia.edu/NAQ/

http://www.met.rdg.ac.uk/cag/NAO/index.html
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